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Abstract
The binocular interactions that occur during dichoptic and binocular viewing were investigated using a letter acuity task in normally
sighted children (age range 6–14 years) and adults, and in adults with anisometropic amblyopia. Our aims were to investigate the nature
of binocular interactions that occur in each group, and the extent to which the characteristics of binocular interactions diVer across the
groups. The non-tested eye was occluded during monocular (baseline) viewing, and was allowed to view a uniform stimulus with fusion
lock in dichoptic viewing. In adults and children with normal vision, acuity under dichoptic viewing was unchanged relative to monocular
baseline in the dominant eyes, while acuity of the non-dominant eye improved under dichoptic viewing relative to baseline. The magni-
tude of dichoptic change in the non-dominant eyes was similar in the two normally sighted groups, but the dichoptic advantage was
found to decrease with increasing age within the children tested. Binocular acuity was better than monocular acuity in normal subjects,
and a decrease in binocular summation with age was noted within the age range of the children tested. In contrast, the amblyopic observ-
ers showed no change in acuity with viewing conditions. The results demonstrate development of interocular interactions during child-
hood, and wide inter-individual variation in pattern of interocular interactions among anisometropic amblyopic adults.
© 2006 Elsevier Ltd. All rights reserved.
Keywords: Binocular interaction; Visual Acuity; Amblyopia; Binocular rivalry1. Introduction
A vital function of the human visual system is to com-
bine monocular signals from the two eyes in order to
obtain binocular single vision. The output of the binocu-
lar visual system varies based on image similarities and
dissimilarities between the two eyes. Binocular interac-
tions can be classiWed broadly into two categories: excit-
atory and inhibitory. Excitatory interactions require
monocular signals from each eye to be integrated, whereas
inhibitory interactions are those that result in reduced
sensitivity in one eye due to the stimulation of the other
eye (Harwerth & Levi, 1983). When identical images are
presented to the two eyes, binocular visual performance
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doi:10.1016/j.visres.2006.08.017exceeds that of the better eye, a phenomenon generally
known as binocular summation (Blake & Fox, 1973). This
is an example of excitatory interaction. However, when
dissimilar images are presented to the two eyes, part or all
of one image may be seen for a short duration while the
other is suppressed. This view will reverse quickly such
that the previously suppressed image reaches the con-
scious percept, and the other image vanishes. Such alter-
nation between the two views during binocular viewing is
known as binocular rivalry (Fox & Rasche, 1969; Polon-
sky, Blake, Braun, & Heeger, 2000). Since the sensitivity of
the suppressed eye during binocular rivalry is lower than
that of the same eye during monocular viewing, inhibitory
mechanisms are thought to be involved (Fox & Rasche,
1969). In human adults, binocular interactions have been
investigated by altering the stimulus parameters presented
to each eye (for review, see Blake & Fox, 1973; Blake,
Sloane, & Fox, 1981).
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It is well known that the basic neural circuitry in area V1
of the visual cortex that subserves binocular interactions is
functional in primates as young as one week of age (Chino,
Smith, Hatta, & Cheng, 1997; LeVay, Wiesel, & Hubel, 1980).
These connections are reWned with age in the presence of
normal postnatal visual experience (LeVay et al., 1980).
Research on animal models has shown that early abnormal
visual experience can alter the cortical connections and result
in amblyopia, a visual loss without any visible organic cause
(Smith et al., 1997; Wiesel & Hubel, 1965). For example,
deprivation by unilateral eye lid suturing is known to alter
the neuronal architecture of the cortex, with the result that
the deprived eye is able to drive very few cortical cells when
compared to the other eye (Wiesel & Hubel, 1965). Because
the extent of cortical damage with monocular deprivation
was found to be greater than that due to bilateral depriva-
tion, Wiesel and Hubel (1965) concluded that damage due to
monocular deprivation may not be solely explained by dis-
use. They suggested that normal development must depend
on competitive mechanisms, with the deprived eye at a disad-
vantage. The aVected eye may be actively inhibited by the
dominant eye (Crewther & Crewther, 1993). Since human
subjects with a history of impediment to binocular vision due
to strabismus, anisometropia or cataract at an early age show
poor visual function in the deprived eye, similar binocular
competitive mechanisms as noted in animal models have
been put forward as the cause for the reduced vision (Smith
et al., 1997). However, amblyopia is less likely to develop if
the amblyogenic factors occur after 6 years of age in humans
(Keech & Kutschke, 1995) and after 4–7 months of age in
primates (LeVay et al., 1980). That is, early onset amblyo-
genic factors are more likely to induce amblyopia than late
onset factors, implying that the strength of binocular com-
petitive or inhibitory mechanisms diminishes during matura-
tion of the normal visual system. Such normal developmental
changes in binocular interactions may also underlie the Wnd-
ing that occlusion therapy for amblyopia is more eVective in
terms of acuity gain in younger than in older subjects (Flynn,
SchiVman, Feuer, & Corona, 1998). Thus, the visual system’s
susceptibility to excitatory and inhibitory stimuli is highest at
an early age, when the system is most plastic (for example,
Wilkinson, 1980).
Most of the studies on interocular acuity interactions
have been conducted on normal adults (Freeman & Jolly,
1994; Simpson, 1992) or adult amblyopes (Awaya & von
Noorden, 1972). Few studies have explored developmental
aspects of interocular interactions, such as binocular rivalry
in visually normal infants (Brown, Candy, & Norcia, 1999),
and the age at which interocular interactions of spatial
functions are adult-like is presently unknown.
1.2. Amblyopia and normal suppression
A link between normal eye dominance and amblyopic
suppression has been proposed in the past (Porac & Coren,1975). Walls (1951) deWned dominance as the ‘physiological
pre-eminence or preferential activity’ of one member of a
bilateral pair of organs. Porac and Coren (1975) suggested
that the very presence of eye dominance in normal humans
implies some sort of binocular inhibitory interaction, in
which the image originating from the non-dominant eye is
suppressed during binocular vision. They showed that the
strength of eye dominance in normal observers could be
reduced or reversed by commonly used vision therapy proce-
dures for amblyopia, and concluded that there is a link
between the normal and amblyopic suppression. Others,
however, have demonstrated a diVerence between the two
forms of suppression (Smith, Levi, Manny, Harwerth, &
White, 1985), and it remains unclear whether interocular
interactions are similar in the amblyopic and normal visual
systems. If they are, then the behaviour of the amblyopic eye
and the non-dominant eye of normal subjects may be
expected to be similar under binocular viewing conditions.
Previous work has shown that visual acuity in the amblyopic
eye is reduced during dichoptic viewing (diVerent stimuli pre-
sented to the two eyes), even if the contralateral eye is merely
light stimulated. Normally sighted adult subjects were also
found to report slightly unclear vision in the tested eye under
similar dichoptic viewing conditions when compared to mon-
ocular viewing through the same eye, although the visual dis-
turbance was not suYcient to reduce acuity in that eye (von
Noorden & LeZer, 1966). On the other hand, Wildsoet,
Wood, Maag, and Sabdia (1998) reported better acuity in the
tested eye when the non-tested eye was presented with higher
levels of luminance via diVuse occluder than when that eye
was occluded by an opaque, black occluder, in normally
sighted adults. Horowitz (1949) suggested that two require-
ments for the occurrence of rivalry are met during monocular
occlusion of the non-tested eye. Firstly, there is a stimulus
conXict because contour is present only in one eye, and sec-
ondly there is a luminance diVerence between the two eyes. If,
as discussed earlier, inhibitory interactions are stronger in
normally sighted children than in normal adults, then the
impact of monocular occlusion on the tested eye may be rela-
tively higher in normal children.
There is evidence in the literature suggesting a link
between the vision in infants and young children with that of
adult amblyopes. For example, it has been argued that an
arrest of visual development may underlie the deWcits in
amblyopia of strabismic or severe anisometropic aetiologies
(Kiorpes, 1992; Kiorpes, Kiper, & Movshon, 1993; Levi &
Carkeet, 1993). However, these suggestions were based on
monocular measurements, and it remains to be determined
whether the adult amblyopic visual system combines the
visual information from the two eyes in a similar manner to
that of the normally developing visual system. Therefore, the
aims of the present study were to investigate the binocular
interactions that occur during dichoptic and binocular view-
ing in normally sighted children and adults, and in adults
with amblyopia. Since anisometropia is the most common
etiology for amblyopia (CiuVreda, Levi, & Selenow, 1991),
this study focused on anisometropic amblyopia. Acuity
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because this method is comparable to the dominance crite-
rion used in amblyopic subjects. Our working hypothesis
was that the dichoptic viewing and binocular viewing will be
most beneWcial in terms of acuity gain (relative to the respec-
tive baselines) to normally sighted children, followed by nor-
mally sighted adults, and the least beneWted will be the
amblyopic subjects.
2. Methods
2.1. Subjects
Three subject groups participated in the study. Group I consisted of 20
normally sighted children, mean age 10.2 years (range 6–14, SD D 2.3; 13
males, 7 females), group II were 20 normally sighted adults, mean age 25.8
years (range 18–35, SD D 3.4; 13 males, 7 females) and group III subjects
were 12 adult anisometropic amblyopes, mean age 28.5 years (range 18–40,
SD D 8.1; 4 males, 8 females). Group I subjects were recruited through
advertisements placed in the internal newsletter of the University of New
South Wales (UNSW) as well as through a local publication for parents.
Subjects in group II were recruited through personal communication and
advertisements placed in the notice boards in the School of Optometry
and Vision Science. Amblyopic adults were mainly recruited from the
Optometry clinic at UNSW. A few amblyopes were recruited by contact
with friends of the researchers or colleagues. Written, informed consent
was obtained from all adult subjects and the parents/guardians of children
who participated in the study. All subjects had self reported normal gen-
eral health. Subjects in groups I and II were included only if they met our
selection criteria: Best corrected Snellen equivalent acuity 6/6 (logMAR
0.0, Bailey-Lovie chart) or better in each eye, stereopsis of 40 arc seconds
(measured with Titmus stereotest), normal oculomotor balance, no sup-pression on the Worth four-dot test (WFDT), and good ocular health in
preliminary ophthalmic evaluation. Subjects from groups I and II were
excluded if they had any history of amblyopia, or spectacle corrected
anisometropia greater than 2.50D (to avoid the eVects of aniseikonia). For
group III, subjects were chosen if they were anisometropic (greater than
1D interocular diVerence in spherical or cylindrical error), with 6/9 or
worse Snellen acuity in the amblyopic eye. Subjects were excluded if they
had strabismus, abnormal ocular health, recent onset amblyopia, diplopia
or suppression (WFDT), or if they were aged over 40 years, in order to
avoid the eVects of aging. The clinical characteristics of amblyopic observ-
ers are given in Table 1.
2.2. Apparatus
Visual stimuli were generated using a VSG 2/5 graphics card (Cam-
bridge Research Systems, Rochester, UK) in a Dell Pentium host com-
puter, and displayed on a 20-in. Xat proWle Clinton Monoray monitor
(Model M20ECD5RE, Clinton Electronics Corporation, IL, USA). Sub-
jects viewed the stimuli through ferro-electric shutter goggles (FE-1, Cam-
bridge Research Systems) synchronized with the computer monitor. The
monitor has a fast phosphor decay time, to minimise cross-talk. The
refresh rate of the monitor was set at 120 Hz. Due to interleaving of
the frames, each eye viewed the stimuli at 60 Hz. The liquid crystal goggle
used in the study allows about 25% of light transmission in the open shut-
ter condition. Therefore with interleaved video pages, only one-eighth of
the luminance from the screen could reach the eye under open shutter con-
ditions. The background luminance was identical for both eyes. The screen
luminance was 170 cd/m2, of which 21.25 cd/m2 reached the eye. The shut-
ter goggles could be worn over habitual spectacle correction.
2.3. Stimuli
The stimuli consisted of two Wxed components and one optional part.
The Wxed components consisted of a peripheral dark ring (for fusion lock)Table 1
Clinical characteristics of amblyopes
DE, dominant eye, AE, amblyopic eye, VA, visual acuity, WFDT, worth four dot test (6 m).
a Assessed with Titmust stereo test. Note that subject 11 reported intermittent suppression in WFDT. This subject, however, was able to see all four
monocular markers (suppression checks) during computerized dichoptic and binocular acuity testing.
Subject 
number
Sex Age 
(years)
Prescription VA 
(DE)
VA 
(AE)
Suppression 
(WFDT)
Stereoacuity 
(arc seconds)a
Treatment 
history
1 M 28 RE +3.50/ ¡1.5 £ 20 6/6 6/9 Nil 80 Glasses, occlusion
LE +2.0/¡1.25 £ 175
2 F 27 RE +1.75/¡0.5 £ 170 6/6 6/12¡ Nil 140 No treatment
LE plano
3 F 25 RE +1.00/¡1.00 £ 10 6/6 6/12+2 Nil 3000 Glasses, occlusion
LE +3.5/¡0.75 £ 170
4 F 28 RE +1.75/¡0.75 £ 130 6/6 6/9¡2 Nil 140 No treatment
LE plano
5 F 18 RE plano 6/6 6/9 Nil 80 No treatment
LE +1.25
6 F 22 RE +1.00/¡1.75 £ 180 6/5¡3 6/9 Nil 140 Glasses, occlusion
LE plano/¡0.75 £ 180
7 F 28 RE +0.50/¡0.50 £ 165 6/6+ 6/21 Nil 100 Glasses, occlusion
LE +1.50
8 M 39 RE +3.75/¡0.25 £ 20 6/6 6/9¡2 Nil 60 Glasses, occlusion
LE +6.50/¡1.75 £ 65
9 F 28 RE ¡0.75 6/6 6/9 Nil 400 No treatment
LE +2.75
10 M 19 RE plano 6/6 6/9¡3 Nil 400 No treatment
LE +2.25
11 F 33 RE +4.5 6/6 6/18¡2 Intermittent suppression 80 Glasses, occlusion
LE ¡1.00
12 M 39 RE ¡2.25/¡2.75 £ 170 6/6 6/9 Nil 100 Glasses, occlusion
LE ¡1.25
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background have been used as a fusion target in the past (Cogan, 1983). The
ring target was spaced 1.6° from the center of Wxation. The width of the
annulus was arbitrarily set at 0.15°. The fusion lock and the suppression
markers were positioned so as not to intrude on the target area. The monoc-
ular markers were small dark lines (0.15° width) protruding inwards from
the peripheral ring target at 3 and 6 o’clock position for one eye, and at 9
and 12 o’clock position for the other eye, allowing a suppression check. The
optional part was the central test stimulus, which could be presented to
either one or both eyes. The test stimulus consisted of a letter E with four
possible orientations: right, left, up or down. The letter was constructed in a
5 £ 5 grid. The gap in the E target was one-Wfth of the dimension of the
square grid. For example, a 5 mm letter had a stroke width of 1 mm. The let-
ter was surrounded by four contour bars. The length of each contour bar
was equal to the stroke length of the letter E and the width of the contour
bar was equivalent to one stroke width of the letter. The contour bars were
positioned one stroke width away from the letter. The display was gamma
corrected. In order to avoid crosstalk that may occur at higher contrasts
while using a stereo-display, the target contrast was set at 70%, based on
pilot studies. The stimulus duration was set at 142 ms, to avoid the eVects of
change in Wxation that can occur at slightly longer duration (Bartz, 1962).
2.4. Procedure
Subjects were seated at a distance of 4.5 m from the monitor screen. All
measurements were obtained in a brightly illuminated room. Naïve subjects
were included in the study, but were given practice until the experimenter
was sure that they completely understood the task and gave reliable
responses. During the practice session, children were instructed to sit closer
to the monitor screen, and suprathreshold letter stimuli were displayed.
While younger children were asked to verbally respond or point out the ori-
entation of the letter E, older children had no diYculty in providing verbal
responses. Practice trials were run until the experimenter was certain that the
hand gestures or verbal responses from children were reliable. Practice was
also given at the 4.5 m test distance, using progressively smaller target sizes.
Acuity was measured under monocular and dichoptic viewing in each
eye, and during binocular viewing. The non-tested eye was occluded with a
dark patch during monocular viewing, and viewed a uniform stimulus with
fusion lock during dichoptic viewing. Fig. 1A and B show the stimuli pre-
sented to each eye during dichoptic viewing. The binocular stimulus was
similar to the dichoptic stimulus except for the fact that the letter target
was presented to both eyes. The order of testing was randomized between-
subjects in order to reduce fatigue or learning eVects. Although monocular
measurements did not require the use of FE-1 goggles, subjects were asked
to wear the goggles for all the measurements, to ensure comparable test
conditions such as the luminance levels. A double staircase method with
two-down and one-up rule (2/1) was used to determine acuity. A 2/1 rule
tracks the 70.7% point on the psychometric response curve (Wetherill &
Levitt, 1965). In accordance with this rule, the stimulus size was decreased
by one step after two consecutive correct responses and increased by one
step after one incorrect response. A Wxed step size of 0.02 logMAR units
(selected after pilot experiments) was used. One staircase was started at a
level higher than the expected threshold, the other at a lower level. The
starting levels diVered in phase by half a step so as to avoid bias (Kappauf,
1969). The order in which the two staircases were visited was randomised.
A four-alternative, single interval, forced-choice method was combined
with the staircase. The subject’s task was to indicate the orientation of the
letter E. In order to motivate children to perform the test, they were
informed that the whole test is similar to a video game with Wve levels to it.
This information worked very well as they were keen to ‘play’ the game
and win by reaching the Wfth or the highest level. During the pilot work, it
was found that even adult subjects had diYculty in entering their responses
to the visual stimuli using the computer keyboard while wearing the liquid
crystal shutter goggles. Hence, older subjects were asked to respond ver-
bally to stimulus presentation, and younger subjects were allowed to
respond verbally or by hand gestures. The experimenter then pressed the
corresponding key in the keyboard to record the responses. An auditory
tone accompanied every response entry. This helped the subjects remaincued to the task. Subjects were instructed to guess if they had doubts
regarding the orientation of the stimuli. No feedback was provided. Each
staircase was terminated after thirteen reversals. Trials up to the Wrst rever-
sal were excluded. The midpoints of peaks and valleys of the remaining 12
reversals were estimated. The data from both staircases were pooled, and
the threshold was calculated as the mean of the midpoints of peaks and
valleys. Although the stimulus duration was limited to 142 ms, subjects
were allowed to take their own time to respond. Thresholds measured
under the following Wve viewing conditions were compared in this study:
• Monocular viewing with the dominant eye (‘DE’).
• Monocular viewing with the non-dominant eye (‘NE’).
• Dichoptic viewing with the dominant eye (‘DED’).
• Dichoptic viewing with the non-dominant eye (‘NED’).
• Binocular viewing (‘OU’).
2.5. Data analysis
The inXuence of dichoptic viewing on the acuities of DE and NE, and
the inXuence of binocular viewing were examined. For each of these
Fig. 1. Example of stimuli presented to the non-tested (A) and tested eyes
(B) during dichoptic viewing.
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cance. The visual acuities obtained under DE and DED viewing condi-
tions were analyzed in a 2 £ 3 ANOVA, with viewing condition as the
within-subjects factor and the subject group as the between-subjects fac-
tor. The diVerence between monocular and dichoptic acuity was termed
the Dichoptic Interaction Index (DII). If the interaction between the
within-subjects factor and the between-subjects factor was signiWcant
using the two-way ANOVA, one-way ANOVA was conducted on the
gain (diVerence) scores (p < .05), followed by Gabriel post-hoc test for
unequal sample sizes. This would provide information on where the sig-
niWcant diVerence in DII was between the groups. Changes from monoc-
ular baseline were analysed using paired Student’s t-tests, and
Bonferroni protection for alpha level was applied in order to avoid spu-
rious signiWcance (p < .017).
Similar two-way ANOVA and follow-up tests were conducted on NE
and NED data, as well as DE and OU scores. Since the data obtained from
the three groups did not meet the assumption of homogeneity of variance,
the clinical variable (logMAR acuity) was square-root transformed in
order to stabilize the variances for statistical purposes (Lindman, 1974).
The analyses described above were conducted on the transformed data.
DiVerences between DE and OU conditions were termed binocular inter-
action index (BII). The relationships between variables were examined
using Pearson’s correlation coeYcients (p < .05).
3. Results
3.1. DII in dominant eyes
The diVerences between monocular and dichoptic acu-
ities (DII) in DE are presented in Fig. 2, for the diVerent
subject groups. Changes towards the negative direction of
the y-axis represent an improvement in acuity under dich-
optic viewing when compared to the monocular baselines
(the changes from baseline in NE are plotted in the same
Figure for comparative purposes, and these are discussed
below). There was no signiWcant interaction between view-
ing conditions (DE and DED) and the subject group
(F(2, 49)D .28, p D .76). The main eVect of viewing condition
did not reach statistical signiWcance (F (1, 49) D 3.08,
p D .09). These results suggest that dominant eye visual acu-
ity is not signiWcantly diVerent when measured under mon-
ocular and dichoptic viewing, in any of the subject groups.
Fig. 2. Changes in visual acuity (logMAR) under dichoptic viewing rela-
tive to monocular baselines in the dominant and non-dominant eyes are
shown for groups I, II and III. Error bars represent one standard error of
the mean. Changes towards the negative y-axis represent an improvement
in acuity under dichoptic viewing.
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3.2. DII in non-dominant eyes
The diVerence in acuity obtained in NE under monocu-
lar and dichoptic viewing conditions (see Fig. 2) was not
consistent across the diVerent subjects groups (F (2, 49)
D 4.87, p D .01). Visual acuity was better under dichoptic
viewing when compared to monocular viewing in groups I
and II (paired t-tests, p < .01 and p D .01, respectively). In
group III, three out of twelve subjects performed less well
through the non-dominant eyes under dichoptic viewing
than monocular viewing (based on non-overlapping 95%
conWdence intervals for the mean). The remaining amblyo-
pes had similar acuity in both viewing conditions. The
group mean DII in the non-dominant eyes of amblyopes
was 0.02§ 0.1 log units, and statistical signiWcance was not
reached (p D .67). No signiWcant correlations were found
between the magnitude of anisometropia, stereopsis and
the DII in NE, in amblyopic subjects (p D .29, and .63,
respectively), suggesting that these single factors may not
account for the magnitude of DII in this group. Note, how-
ever, that a more reliable test of stereopsis may have yielded
diVerent results (see Section 4.3).
When DII in NE was compared across groups, group I
was found to be similar to group II (p D .49), but diVered
from group III (p D .01), see Table 2. When DII in NE is
compared between groups I and II, an insigniWcant p value
does not necessarily mean that no developmental eVect
exists. Older children (early adolescent) were included in
the study. If DII in older children and adults were similar,
then this might obscure any age-related trends. There was a
signiWcant negative correlation between DII in NE and age
(Fig. 3), indicating that the magnitude of dichoptic change
in acuity decreases with increasing age (Pearson’s r D ¡.58,
p D .01). DII in NE was not signiWcantly diVerent between
normally sighted adults and adult amblyopes (p D .14), per-
haps due to high variance and small sample of the amblyo-
pic group (Table 2). In all three groups, DII in NE could
not be explained by the magnitude of sensitivity diVerence
Fig. 3. Dichoptic advantage (NE-NED logMAR acuity) in children as a
function of age.
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using the Pearson’s correlation tests.
3.3. Binocular interaction index (BII)
Changes in acuity under binocular viewing relative to
monocular baseline (dominant eye) are shown in Fig. 4, for
all three groups. Changes towards the negative direction on
the y-axis indicate an improvement in acuity under binocu-
lar viewing conditions. Visual acuity was signiWcantly better
binocularly when compared to DE monocular baseline in
subject groups I and II (paired t-tests, p < .001). In group
III, there were greater inter-individual variations than
groups I and II, and the diVerence between DE and binocu-
lar acuity did not reach statistical signiWcance. The interac-
tion eVect between viewing conditions DE & OU and the
subject group was statistically signiWcant (F (2, 49)D 4.97,
p D .01). Gabriel post-hoc tests showed that the BII in
group III is diVerent from groups I (p D .01) and II (p D .04),
see Table 2. The BII scores were similar in groups I and II
(p D .9). However, within group I, the magnitude of binocu-
lar summation was negatively correlated with age (r D¡.46,
p D .042) suggesting that binocular summation decreases in
the age range of our child group.
Fig. 4. Changes in visual acuity (logMAR) under binocular viewing rela-
tive to monocular DE baseline are shown for groups I, II and III. Error
bars represent one standard error of the mean. Changes towards negative
y-axis represent improvements in acuity under binocular viewing.
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decreases with induced interocular sensitivity diVerence
(Pardhan & Gilchrist, 1990). In order to test whether natu-
rally occurring interocular diVerence in acuity is related to
the magnitude of binocular summation in the present
study, correlation analysis was conducted between BII and
interocular diVerence in acuity in each group. There was a
negative correlation between BII and interocular acuity
diVerence in all groups (Pearson’s r: ¡.48, ¡.61 and ¡.53
for groups I, II and III, respectively), but statistical signiW-
cance was not reached for group III (p D .03, .01 and .08, in
groups I, II and III, respectively), perhaps due to smaller
sample size. Thus interocular acuity diVerence may in part
explain inter-individual variation in BII in groups I and II.
Subjects with low interocular diVerence appear to have bet-
ter binocular summation. In group III, correlation analyses
between the magnitudes of anisometropia, stereopsis and
BII did not reach statistical signiWcance (p D .68 and p D .39,
respectively).
In addition, because both DII in NE and BII for the
amblyopic subjects are known, linear regression analysis
was carried out between these two variables to test whether
DII (NE) is predictive of binocular summation in amblyo-
pes. A signiWcant correlation between the two may provide
information on whether, and in what way, the amblyopic
eye is able to contribute to binocular viewing. However, we
found an insigniWcant relation between the two variables
(Pearson’s r D .3, p D .34), suggesting that such a prediction
was not possible.
4. Discussion
4.1. Eye dominance and dichoptic acuity in normal adults
In control adults, our results indicate an asymmetric
contribution of monocular acuity mechanisms to fused
(dichoptic) viewing, for the stimulus conditions used.
Whilst visual acuity in the dominant eyes did not diVer sig-
niWcantly between monocular and dichoptic viewing, the
non-dominant eyes showed enhanced sensitivity during
dichoptic fusion. Previous studies using a similar dichopticTable 2
DII (logMAR acuity, mean diVerence score § 1 SD) in DE and NE, and BII (logMAR acuity, mean diVerence § SD) in the diVerent groups are shown
Data analysis was conducted on square-root transformed scores. Untransformed data is presented for convenience. Statistically signiWcant changes from
monocular baseline (p < .017; Student’s paired t-test) are represented in italics. SigniWcant diVerences between groups (ANOVA with correction for alpha
level owing to multiple comparisons) are depicted by the superscript symbols. Positive mean values indicate improvements in acuity under dichoptic or
binocular viewing.
a SigniWcantly diVerent from group I.
b SigniWcantly diVerent from group II.
c SigniWcantly diVerent from group III.
d Not signiWcant.
DII/BII (Interaction index) Children (group I) Normal adults (group II) Amblyopic adults (group III)
DII (DE) 0.01 § 0.05 0.01 § 0.03 0.02 § 0.07
p value nsd ns ns
DII (NE) 0.05 § 0.05c 0.02 § 0.04 ¡0.02 § 0.12a
p value <.01 D  .01 ns
BII 0.06 § 0.05c 0.04 § 0.03c ¡0.01 § 0.1a,b
p value <.01 <.01 ns
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under monocular and dichoptic viewing in normally
sighted adults (Freeman & Jolly, 1994; Simpson, 1992).
These studies, however, did not speciWcally examine eye
dominance, which may have masked any acuity improve-
ment in the non-dominant eyes during dichoptic fusion.
Some studies suggest that inhibitory signals from a dark
adapted non-tested eye may reduce sensitivity of the tested
eye (Lansford & Baker, 1969; Makous, Teller, & Boothe,
1976). Single unit recordings by Kayama, Riso, Bartlett,
and Doty (1979) on alert macaques have provided strong
support for the idea that darkness is a viable stimulus in
itself. They reported a class of scotergic units; cortical units
that have the ability to produce strong and sustained
response to darkness. In the present study, perhaps the
release of inhibitory signals stemming from the occluded
eye (dark Weld) may explain the relative increase in the test
eye sensitivity in the dichoptic condition. In binocular
rivalry, the DE image is perceived for longer durations than
the NE image (Porac & Coren, 1975). Perhaps inhibitory
signals due to monocular occlusion may have had a greater
impact on contralateral eye sensitivity during DE occlusion
than during NE occlusion. If so, the improvement of NE
but not DE acuity in dichoptic viewing would not be sur-
prising. This possibility is supported by the Wnding that
subjects report more frequent episodes of visual distur-
bance such as ‘blankouts’, ‘fuzziness of the vision’, and
‘intermittent blurring’ in the tested eyes when the dominant
eyes are patched than when the non-dominant eyes are
patched (Ellingham, Waldock, & Harrad, 1993).
It is also possible that the acuity improvements during
dichoptic viewing are a result of the choice of fusion stimu-
lus parameters. Cogan (1982) reported a reduction in mon-
ocular contrast sensitivity during fusion of foveally
presented background stimuli. In the present study, the
fusion targets were presented away from the centre of Wxa-
tion in both eyes. However, it remains possible that the
fusion stimulus may have aVected sensitivity.
The change in acuity through the non-dominant eye
during dichoptic viewing was not dramatic, and was
about 0.023 logMAR in normal adults. Our Wnding is
inconsistent with previous work of Denny, Frumkes, Bar-
ris, and Eysteinsson (1991) who showed a diVerence of 0.3
log units in contrast sensitivity between the two viewing
conditions using a detection task. Fox and Rasche (1969)
reported that an increase in stimulus strength to one eye
during binocular rivalry reduces the duration of the sup-
pression phase of that particular eye. A letter acuity task
is a suprathreshold contrast task (Cagenello, Arditi, &
Halpern, 1993), and the suppression phase for the high
contrast acuity stimuli used in the present study may be
shorter than that of a stimulus at the just-detectable level.
This would mean minimal interocular suppression in our
acuity task during monocular occlusion and correspond-
ingly minimal increment in sensitivity in acuity units
when the stimulus to rivalry is removed during dichoptic
viewing.4.1.1. Relevance to binocular summation
Our Wnding of 0.04 logMAR (9.8%) binocular enhance-
ment in normal adults is consistent with past studies (Cage-
nello et al., 1993; Rabin, 1995). Generally, this enhancement
has been attributed to probabilistic and binocular neural
convergence of signals from the two eyes (Blake & Fox,
1973). However, probability theory assumes complete inde-
pendence during monocular viewing. The present study
shows that the two eyes may not be independent, even dur-
ing monocular occlusion, and therefore this assumption
may not be correct.
Denny et al. (1991) advanced a diVerent explanation
for binocular summation. They compared the contrast
sensitivity of one eye when the non-tested eye was
adapted to light or was dark adapted. Binocular contrast
sensitivity was also measured (with iso-contour stimula-
tion). They found that a low contrast grating presented to
the test eye was not visible when the fellow eye was dark
adapted. The grating became visible when the fellow eye
was pressure blinded (a technique where suYcient pres-
sure is applied to the eye such that neural signals originat-
ing from that eye are prevented temporarily from
reaching the brain). This led the authors to suggest that
the signals from the dark adapted fellow eye tonically
suppressed the tested eye, and that binocular summation
may be attributed in part to the release of tonic interocu-
lar suppression (TIS) occurring during monocular dark
adaptation. In the present study, as mentioned earlier,
improvements in the acuity of NE were found under the
dichoptic test condition. Thus our data appear to lend
support to the hypothesis of Denny and co-workers that
the increase in binocular visual acuity may be partly due
to the release of TIS.
4.2. EVects of maturation
4.2.1. Monocular acuity under dichoptic viewing
The change in acuity in normally sighted children was
very similar to that seen in normal adults; visual acuity in
the non-dominant eyes was better under dichoptic than
monocular viewing. In contrast, visual acuity in dominant
eyes was similar in the two viewing conditions. Although
the magnitude of acuity change in the non-dominant eyes
was greater in children than normal adults, the diVerence
between the two groups was not statistically signiWcant. A
larger, stratiWed sample would allow investigation of
whether the DII (or BII) continues to mature beyond the
Wrst decade of life, consistent with the literature on other
visual functions that display prolonged developmental time
courses such as hyperacuity (Skoczenski & Norcia, 2002),
scotopic contrast sensitivity (Benedek, Benedek, Keri, &
Janaky, 2003), and spatial integration (Kovacs, Kozma,
Feher, & Benedek, 1999). While our sample of children pre-
vents this type of analysis, we did Wnd a signiWcant negative
correlation between age and DII for the non-dominant eye,
consistent with maturation during the age range of our
sample.
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changes with development (Brown et al., 1999; Goldstein &
Cofoid, 1965). Recently, Kovács and Eisenberg (2005)
reported faster perceptual alternations in normally sighted
children compared to adults indicating that while rivalry
may be weak during infancy in humans (Brown et al.,
1999), older children can demonstrate strong rivalry. It is
possible that any alternations between inhibitory signals
from the occluded eye and the tested eye in our study were
more frequent in younger children than older subjects, and
may have had a negative impact on measured acuity of the
unoccluded eye in younger children.
4.2.2. Maturation of binocular summation
In concordance with other studies (Pott & van Hof-van
Duin, 1992; Rozhkova, Podugolnikova, & Vasiljeva, 2005),
we found that binocular acuity was signiWcantly better than
monocular acuity in children. Although it was not possible
to examine the age-related changes in the magnitude of bin-
ocular summation in detail because of the small sample size
(spanning a wide age range 6–14 years), binocular summa-
tion was signiWcantly negatively correlated with age within
our sample of children, suggesting that the magnitude of
summation decreases during development. This Wnding
may reXect synaptic modiWcations in the Wrst decade of life
(Garey & de Courten, 1983). In addition, although the
diVerence between monocular and dichoptic acuity of the
dominant eye (DII) was not signiWcant, there was a signiW-
cant negative correlation between the dominant eye DII
and age. This suggests that contralateral occlusion may
have had a greater negative impact on DE acuity in youn-
ger children compared to older children. Because most psy-
chophysical studies use the sensitivity of the dominant eye
as a yardstick to measure binocular summation (for exam-
ple, Pardhan & Whitaker, 2000), good binocular acuity or
poor dominant eye acuity, or a combination of both results
in higher binocular summation. In the age range of children
tested in the present study, the DE logMAR acuity (r D ¡.5,
p D .02) and not the binocular acuity (r D¡.18, p D .46)
improved signiWcantly with age, suggesting that the rela-
tively low acuity in the dominant eyes of younger children
manifested as higher binocular summation. The variability
in individual DE scores (conWdence intervals) was similar
across child subjects (group I), and thus the improvement
in acuity with age is likely to reXect developmental changes
rather than factors such as poor motivation or inattention
in the youngest subjects.
4.3. Interocular interactions in amblyopia
In the amblyopic group, there was no statistical diVerence
between the acuities obtained under monocular and dichop-
tic viewing in the dominant or non-dominant eyes. Previous
studies on interocular interactions in amblyopic subjects
showed that the degree of interaction is dependent on the
type of amblyopia and the location of visual Weld tested
(Sireteanu, Fronius, & Singer, 1981), with greater magnitudeof suppression in strabismic than in anisometropic amblyo-
pes (Sireteanu et al., 1981; Smith et al., 1997). The higher
inter-individual variations in DII in both dominant and
non-dominant eyes in the amblyopes compared to the other
groups in this study (Table 2) is interesting because even
within one type of amblyopia (anisometropia), there is a
large inter-individual variation in the magnitude of dichop-
tically elicited change in acuity, especially in the non-domi-
nant (amblyopic) eyes. Correlation analysis between the
non-dominant eye DII and the magnitude of anisometropia
and stereopsis was not signiWcant, indicating that these fac-
tors do not inXuence the degree of DII. However, the Titmus
circle sets one (measuring 800 arc seconds) to four (140 arc
seconds) in the Titmus stereo test contain monocular cues,
and may not represent true stereopsis (Leske & Holmes,
2004). In our study, six amblyopic subjects had stereopsis
poorer than or equal to 140 arc seconds. So, in at least these
subjects, our stereopsis measure may not have provided a
reliable estimate of binocularity. Better insights into the rela-
tion between stereopsis and DII could be obtained by using
a random dot test (Rutstein & Eskridge, 1984).
Despite the large inter-individual diVerences in non-
dominant eye DII in our amblyopic sample, the DII (NE)
in the amblyopic group was signiWcantly diVerent from
those obtained in normally sighted children, suggesting that
the mechanisms underlying interocular interactions may be
quite diVerent in these groups. This Wnding is inconsistent
with previous studies which show similarities between
amblyopic and developing visual systems based on monoc-
ular visual performance (Kiorpes, 1992; Kiorpes et al.,
1993; Levi & Carkeet, 1993). However, the present results
cannot rule out any similarities in interocular interactions
between children younger than those tested in the present
study and adult amblyopes.
Unlike normally sighted adults and children, anisome-
tropic adult amblyopes did not demonstrate signiWcant
acuity summation (BII), consistent with previous Wndings
(Sireteanu et al., 1981). Given that the amblyopic subjects
combined unequal inputs from the amblyopic and
dominant eyes, this is not surprising.
4.4. EVects of stimulus duration and other factors
Visual function is known to improve with stimulus expo-
sure duration (Adrian, 2003; Baron & Westheimer, 1973;
Rentschler & Hilz, 1985). Stimulus duration was brief in the
present study, so higher absolute levels of acuity might have
been found at longer durations. However, for all subject
groups, we assessed relative acuity, using constant duration,
so stimulus duration is unlikely to have had a signiWcant
impact on our Wndings. Similarly, non-visual factors such
as poor motivation or attention are unlikely to account for
the changes in DII or BII with age within group I, because
these factors would apply equally to monocular, dichoptic
and binocular measurements. In addition, the randomized
order of testing is likely to have minimized the potential
eVects of practice or fatigue.
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Acuity in normally sighted children and adults
improved during dichoptic viewing compared to monocu-
lar viewing in non-dominant eyes, but not in dominant
eyes, possibly because of a release of inhibitory signals
from the occluded dominant eye. In line with previous
studies on binocular interactions (for example, Pardhan &
Whitaker, 2000), we did not look at the repeatability of
the ‘better’ eye, which was deWned as the dominant eye.
Future studies in this area would beneWt from determin-
ing eye dominance repeatability.
Among the children tested, dichoptic advantage and bin-
ocular summation decreased with increasing age, which
may have implications for the design of amblyopia treat-
ment procedures for speciWc age groups. Although the
group data from children and adults did not diVer in terms
of the magnitude of dichoptic and binocular advantage, it
appears that there was a developmental change in interocu-
lar interactions of acuity in the age range of children tested,
and that adult like values can be reached by 14 years of age.
A large, stratiWed sample of children would allow conclu-
sions to be drawn on the age at which interocular interac-
tions reach maturity. In contrast to visually normal
children and adults, amblyopes demonstrated no signiWcant
acuity diVerence between monocular and dichoptic or bin-
ocular viewing conditions. This may reXect a true lack of
interocular interaction in amblyopes or an absence of eVect
due to the relatively small sample size.
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